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A review of the basic principles of baryogenesis is given. Baryogenesis in heavy 
particle decays as well as electroweak, SUSY-condensate, and spontaneous baryoge- 
nesis arc discussed. The models of abundant creation of antimatter in the universe 
are briefly reviewed. 



1 Introduction 

This year is the anniversary of two great dates: 25th anniversary of ITEE 
Winter Schools and 30th anniversary of the seminal paper by A.D. SakharovEl 
on baryon asymmetry of the universe. In this paper a mechanism was proposed, 
which explains the dominance of particles over antiparticles in the universe by 
a dynamical evolution of an initially charge symmetric or even arbitrary state. 
The necessary conditions for the generation of the asymmetry, as formulated 
by Sakharov, are the following: 

1. Different interactions of particles and antiparticles, or in other words, a 
violation of C and CP symmetries. 

2. Nonconservation of baryonic charge B. 

3. Deviation from thermal equilibrium in the early universe. 

We will discuss these conditions in more detail below and now return to the 
history of the problem. The work bv. Sakharov remained unnoticed for several 
years, except for a paper by Kuzminel in 1970, where a somewhat different real- 
ization of the Sakharov's ideas was considered. Still the hypothesis of baryonic 
charge nonconservation, which is necessary for the generation of an asymme- 
try between baryons and antibaryons, was not accepted by the establishment 
till 1974, when the models of Grand Unification were put forward em. After 
it was understood that nonconservation of baryons might be quite a natural 
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and general phenomenon, the attitude to the possibility of a dynamical gener- 
ation of baryon asymmetry of the universe has been, drastically changed rSmd 
two almost simultaneous papers by Ignatyev et al U and by Yoshimura a in 
1978 stimulated the flood of papers which remains unabated for 20 years. For 
the review ijLthe earlier stage of the theory of baryogenesis one may address 
the papers 13'Q. Different scenarios of baryogenesis at that early period were 
mostly based on the decay of heavy particles in different versions of Grand 
Unification Models. They all have a general feature that the characteristic 
energy scale for the processes with B-nonconservation is extremely high, close 
to the Planck scale, Mqut — 10 16 GeV. Since then many other scenarios of 
baryogenesis have been developed with baryon nonconservation at much lower 
energies, sometimes almost "at hand". For a review of these models one can 
address the paper 0. Thejnost fashionable for already several years remains 
electroweak baryogenesis t2l where essential physical processes take place at the 
energy scale around 100 GeV. The dominant majority of papers are devoted 
to different realizations oLjLhis_particular model. Reviews of activity in this 
field can be found in refs. aO'EHl. By necessity they are all incomplete because 
new papers on the subject constantly appear with a non-decreasing production 
rate. 

In these lectures I will give an introduction to the theory of baryogenesis 
for non-experts paying most attention to general features of the phenomenon. 

1 will not be able to cover very recent development in the field. This would 
demand much more time, space, and skill. The content of the lectures is 
the following. In the next four Sections the general picture and the three 
Sakharov's conditions are discussed. In Sec. 6 the baryogenesis through decays 
of massive particles is considered. In Sec. 7 the other major baryogenesis 
scenarios are enumerated and three of them (electroweak, SUSY-condensate, 
and spontaneous) are discussed in some detail. In the last section some models 
leading to a large amount of antimatter are reviewed. 

2 Generalities. 

We know that for any known particle there exists the antiparticle with exactly 
(within experimental accuracy) the same mass, m = m and decay width, 
r = f, and opposite signs of all the charges associated with this particle, 
Qj = — Qj- I n spite of this striking symmetry which would naturally imply 
equal number densities of particles and antiparticles in the universe, n = n, the 
observed picture is quite different: the universe (at least in our neighborhood 
is predominantly populated by particles: protons, neutrons, and electrons with 
a very small fraction of antiparticles observed in cosmic rays, which all can be 
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explained by secondary origin in energetic particle collisions. It is not excluded 
of course that the dominance of matter over antimatter is only local and is 
realized inside a finite volume characterized by the linear size I b , while further 
away the picture is reversed, and so on and so forth. In this way the universe 
could be globally symmetric with respect to particles and antiparticles. Even 
if this is true, it could be achieved only with baryon nonconservation because 
the separation of matter and antimatter on an astronomically large scale E 3 ] 
does not seem possible. The size of our_niatter domain Ib is knowjn to be quite 
large, roughly speaking Ib > 10 MpcliJIij (in the recent paper E£l much more 
restrictive bounds are presented). For a smaller Ib one would expect a too 
large flux of energetic 7-rays coming from the reaction of annihilation of pp 
into 7r- mesons with the subsequent decay ir° — > 27, which would take place 
in the boundary area between the world and anti- world. Another signature of 
domains of antimatter would be a distortion of spectrum and isotropy of cosmic 
microwave radiation. The value of Ib permitted by such observations would be 
smaller if matter and antimatter domains are separated by voids which may 
appear because of an excessive pressure produced by the annihilation at earlier 
stages of the evolution of the universe or because of low density of matter and 
antimatter in the boundary regions, if the baryon asymmetry changes sign 
gradually so that in the intermediate region the asymmetry vanishes or is very 
small. 

The convenient dimensionless number which characterizes the magnitude 
of the baryon asymmetry of the universe is the ratio of the baryonic charge 
density (ng — n§) to the number density of photons in cosmic microwave 
radiation, 

13 = HB - HS w 3 ■ 10- 10 (1) 

n 7 

Here n 7 = 411.4(T 7 /2.736°K) 3 cm- 3 and T 7 = 2.736°K is the temperature of 
the radiation. Direct observations of baryonic matter in the universe give for 
/3, roughly speaking, one third of the above number, in particular because a 
large amount of baryons may be invisible (the recent discovery by the Hubble 
Space Telescope of very faint galaxies gives a larger fraction of directly observed 
baryonic matter). A more accurate estimate can be obtained from primordial 
nucleosynthesis, from which the result (|]) is inferred. The abundances of light 
elements ( 4 He, 3 He, 7 Li, and especially 2 H) produced during the "first three 
minutes" are sensitive indicators of the baryonic number density at that epoch 
(for the review given at an ITEP Winter School see ref. O and for a more 
up-to-date analysis see e.g. the paperliS). 

We believe that the magnitude of j3 at nucleosynthesis was the same as it 
is now. If baryonic charge was conserved during the period from the primordial 
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nucleosynthesis till the present day, the difference (jib — fig) remains constant 
in the comoving volume, i.e. in the volume which expands together with the 
universe, V ~ a 3 (i), where a(t) is the scale factor describing the universe 
expansion (the separation, l(t), of two distant objects changes with time as 
lit) r*> a(t)lo). The number density of noninteracting photons also remains 
constant in the comoving volume, T 7 ~ l/a(t) and n 7 ~ l/a 3 (t). In this 
approximation the ratio /3 would not change in the course of expansion. In 
fact a 3 n 7 was not constant in the early universe. Indeed the annihilation of 
massive particles, when the temperature dropped bellow their masses, heated 
up the primeval plasma and increased the photon number density. However 
there is a conserved quantity, namely the entropy density, 

2tt 2 

s = {p + p)/T=— g s (T)T\ (2) 

which iSijays constant in the comoving volume if thermal equilibrium is main- 
tainedlI3t3. This is usually true with a very good accuracy during most of the 
universe history. In equation (^|) p and p are respectively the energy and pres- 
sure densities in the primeval plasma and the factor g s (T) is roughly speaking 
equal to the number of particle species with m < T. Because of that it is more 
convenient to introduce the quantity [3 S — (hb — ng)/ s which does not change 
in the course of expansion in a thermal equilibrium state. In the standard 
physical model without new long-lived particles and unknown interactions, 
there is no entropy production after e + e~-annihilation so that n 7 a 3 remains 
constant. Below T = m e this new quantity f3 s practically coincides with (3 
while at higher temperatures they may differ by one-two orders of magnitude 
due to contribution from heavier particles. The original baryon asymmetry 
would be diluted by the same amount. Another source of entropy and of the 
corresponding dilution of the baryon asymmetry are possible phase transitions 
in the early universe of the first and even of the second order. They could also 
considerably diminish the previously generated asymmetry. 

At higher temperatures when T > tub = O(GeV) baryons and antibaryons 
in the plasma were practically equally abundant (jib — rig) /(jib + n B ) ~ 10~ 9 , 
while presently n B <C ns and this ratio is very close to 1. In other words the 
universe which is 100% asymmetric now was almost charge symmetric during 
early stages, so we need to explain a very small breaking of this symmetry. 
Still this very small breaking resulted in a huge amplification of the present- 
day baryonic number density. In the case of a symmetric universe baryons 
would efficiently disappear at small temperatures due to mutuaLapjiihilation 
and the number density of survived baryons can be evaluated as£M 

n B = n s w n 7 /((T a „„m B mp ; ) w 10~ 19 n 7 , (3) 
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where cr ann is the cross-section of nucleon annihilation, raj s» lGeV is their 
mass and mpi = 1.2 • 10 19 GeV is the Planck mass. So in a baryo-symmetric 
universe the number density of baryons would be 9(!) orders of magnitude 
smaller than what is observed in reality. If this were true then there would 
not be enough building material for formation of celestial bodies and of course 
life would not be possible in such almost empty universe. One may invoke 
the anthropic principle for an explanation of the baryon asymmetry: in a 
symmetric universe life would not be possible and only in an asymmetric world 
there could be an observer to put the question why the universe is asymmetric. 
It is interesting to estimate the magnitude of the asymmetry which would allow 
formation of celestial bodies and ultimately creation of life, but we have a better 
option. The asymmetry can be generated dynamically and its magnitude can 
be expressed through (possibly not yet known) fundamental parameters of 
particle physics. 

3 Rise and Fall of Discrete Symmetries. 

Less than a half of a century ago (in fact before 1956) it was firmly believed 
that physical laws are symmetric with respect to mirror reflection, P, charge 
conjugation (transition from particles to antiparticles), C, and time inversion, 
T. Though none of these symmetries followed from any fundamental principle 
the belief was quite strong and, it was a great shock when it was found that 
space parity is not conserved E3o so that a mirror xeflected process could be 
physically impossible. It was assumed immediately Ea that simultaneous mir- 
ror reflection and charge conjugation, CP, restore the symmetry so that for 
each process with particles the mirror reflected process with antiparticles, and 
otherwise the same, is possible. However the general attitude to the discrete 
symmetries was changed towards "everything which is not forbidden is_per- 
mitted" and the search for CP-violation azas discussed in the literature t3. In 
1964 it was found that CP is also broken lj and after this discovery life in the 
universe became possible (of course with nonconservation of baryons) . 

The only discrete symmetry which survived to the present day is the combi- 
nation of all three transformations, CPT. It_has a rather good reason to exist: 
the so called CPT-theorem can be proven E3 which states that any Lorents- 
invariant theory with positive definite energy and the normal relation between 
spin and statistics is invariant with respect to CPT-transformation. As a re- 
sult of this symmetry masses of particles and antiparticles and their total 
decay widths must be exactly equal. However the probabilities of specific 
channels should be different for charged conjugated processes if both C and 
CP are broken. One comment is in order here. In the lowest order in pertur- 
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bation theory the amplitude of the charged conjugated process is equal to the 
complex conjugate of the original amplitude because of the hermicity of the 
Lagrangian. Thus in this approximation the probabilities of these processes 
are equal even if C and CP are violated. To break this equality higher order 
corrections are necessary. These corrections come from inelastic rescattering 
of the decay products. The corresponding imaginary part can be calculated 
from the unitarity condition for the scattering matrix, SS + = 1. Introducing 
the amplitude matrix in the usual way, S = 1 + iT, one gets 



Thus there are two sources of imaginary parts in amplitudes: imaginary parts 
in coupling constants related to C(CP)-nonconservation and dynamical imagi- 
nary parts due to on-mass-shcll rescattering corrections. Therefore the effects 
of C(CP)-violation are always suppressed by an extra power of coupling con- 
stants. It can be seen that elastic rescattering of the decay products produce 
the same phase correction to particles and antiparticles and another channel 
is necessary to get a nontrivial phase correction and to break equality of the 
absolute values of the amplitudes of charge conjugated processes. 

Experimentally the first Sakharov's condition is well justified, CP-violation 
is directly observed in the decays of K °-mesons, but it is not yet known what 
mechanism is responsible for it. A knowledge of that is very important for 
baryogenesis because baryogenesis took place at a much larger energy scale 
where the data on the kaon decays cannot be simply applied. Anyway it is 
known in principle that antiparticles are not just mirror reflections of particles, 
they have essentially different interactions and are produced with different 
probabilities in charge conjugated processes. 

4 Nonconservation of Baryonic Charge. 

In contrast to breaking of C and CP invariance, nonconservation of baryonic 
charge has not yet been observed in direct experiments. The only "experi- 
mental" evidence of baryonic charge nonconservation is the existence of our 
baryo-asymmetric universe. A rather strong argument in favor of nonconser- 
vation of baryons comes from the necessity of inflation. We do not see today 
any alternative way to create our smooth and flat universe without a relatively 
long inflationary stage. During inflation the universe expands in accordance 
with the law 



where the Hubble parameter H is (approximately) constant. The necessary 
duration of the inflationary stage for the solution of the flatness and horizon 



i(T - T+) = -TT+ 



(4) 



a(t) ~ cxp(Ht) 



(5) 
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problems is about 60-70 Hubble times, Ht = 60—70. The Hubble parameter is 
related to the total energy density in the universe as H = -\/87r/9 tot /3mp r To 
keep H constant we need to have a constant energy density which is naturally 
realized by a scalar field, the inflaton. 

Let us assume now that baryonic charge is strictly conserved. The density 
of baryonic charge at the present day with respect to the number density of 
cosmic microwave photons is about 10~ 9 — 10~ 10 (see eq. (0)). It means that at 
higher temperatures the energy density associated with baryonic charge with 
respect to the total energy density would be at least that large and would 
remain more or less constant during the radiation domination stage when the 
universe expanded as a(t) ~ \fl. Now if we go deeper back in time to the 
inflationary stage, the energy density of matter would be in the form of an 
inflaton field and would remain constant except for the energy density associ- 
ated with the baryonic charge, ps- Since the charge is conserved, ps cannot 
be constant and evolves as ps ~ 1/a 4 ~ exp(— AHt) for relativistic baryons 
or pb ~ 1/a 3 ~ exp(— 3Ht) for nonrelativistic baryons (the latter is rather 
improbable). One can quite easily check that the total energy density cannot 
remain (approximately) constant for more than 6-7 Hubble times. It makes 
long inflation impossible. Note that this is not simply the statement that to 
have the observed baryon asymmetry today the preinflationary (initial) value 
of the baryonic charge density should be unnaturally huge but that the pres- 
ence of conserved charge does not permit to have an approximately constant 
energy density and correspondingly does not let inflationary expansion last 
sufficiently long time. 

Theoretically it is rather natural to expect that baryonic charge is not 
conserved. Normally, as we understand it, charge conservation is associated 
with a local (gauge) symmetry like U(l) in electrodynamics. Such a symme- 
try usually implies the existence of massless gauge bosons ("photons") which 
produce long-range forces. Existence of such Coulomb-like forces would break 
the equivalence principle for elements with a different mass-to-baryonic-charge 
ratio. No such violation has been observed and this gives the upper limit E3 for 
the coupling of would-be baryonic photons to baryons, olb < 10 (compare 
with the electromagnetic coupling constant, a = 1/137). Such a smallness 
of the coupling probably means that there is no conserved current related to 
baryonic charge. Moreover there are quite a few theoretical models which pre- 
dict that baryonic charge is indeed nonconserved. To start with, there are 
grand unification theories which put quarks and leptons on equal footing (into 
the same particle multiplet). Thus there should be be transitions between 
quarks and leptons which break both baryon and lepton number conservation. 
This would give rise to proton decay or to neutron-antineutron oscillations, 



7 



unfortunately not yet discovered by experiment. A plethora of supersymmet- 
ric rondels also predict baryonic charge nonconservation (for a review see e.g. 
ref. Ej) which could occur at the energies below the grand unification scale, 
m-GUT = 10 15 — 10 16 GeV and potentially be more dangerous for proton decay. 
Moreover the standard electroweak theooz. predicts nonconservation of bary- 
onic charge through quantum corrections^!]. This nonconservation is negligibly 
small at low energies but could be very_much enhanced at high temperatures 
comparable with the electroweak scale E2l (see section 7). 

Thus we can conclude that baryonic charge is most probably nonconserved. 
Manifestation of its nonconservation are strongly suppressed at low energies 
but at high energies or temperatures, which existed in the early universe, the 
processes with a change in B might be efficient and produce an excess of 
baryons over antibaryons. 



5 Thermodynamics of Baryogenesis. 

For a gas or plasma in thermal equilibrium state with temperature T the 
particle occupation numbers are given by the function: 



exp 



(Vp 2 + 171,2 ~ m)/^ 1 



± 1 



(6) 



The chemical potential /i is nonzero in equilibrium only if the particles in 
question possess a conserved charge Q and the corresponding charge density is 
non- vanishing. Indeed the chemical potentials of particles and antiparticles in 
equilibrium are related by the condition fi+p, = and in the case that fermions 
bear the charge Q (in what follows we will take Q = B and talk about baryon 
asymmetry) , the charge density is given by 



n Q = n — n = g s 



d 3 p/{2Tr) 2 



exp 



(Vp 2 + m2 - p)/t 

d 3 P /(2TT) 3 



exp (Vp 2 + m2 +m)/ t + 1 



(7) 



where g s is the number of spin states. In the case of nonconserved charge 
the corresponding chemical potential vanishes in equilibrium due to charge 
nonconserving reaction and thus n — n and the asymmetry uq is zero. Recall 
that in thermal equilibrium the sum of chemical potentials of particles in the 
initial state is equal to that in the final state, JZ/Xi = ^2fJ-f- Making the 
conclusion about the vanishing of uq we have implicitly used CPT-theorem, 
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by which masses of particles and antiparticle are equal. Otherwise there would 
be an asymmetry even in equilibrium: 

ng ^ »M r3 J°° dy eM _ my/T) (8) 

where qb is the baryonic charge of particles in question. 

Typically the rate of expansion is small in comparison with the reaction 
rates. The former is given by the Hubble parameter which is related to the 
total energy density in the universe by the Einstein equations: 



8np /8tt 3 5 * T l 



Here we have substituted the equilibrium expression for the energy density, 
p = 7r 2 g >t T 4 /30, where g* counts the number of relativistic particle species in 
the primeval plasma, one for each bosonic spin state and 7/8 for each fermionic 
spin state. Since H is suppressed by the inverse big Planck mass, the expansion 
is normally slower than the reaction rates which are either Td ~ am for decays 
of particles with mass m or T r ~ a 2 T for reactions. Still equilibrium is always 
somewhat broken for massive particles. To see this let us consider the kinetic 
equation in the expanding universe: 

df df df 

dt = dt- Hp -^ = I[f] > (10) 

where we used the relation dp/dt = —Hp (red shift of momenta in the expand- 
ing universe). The r.h.s. of this equation is a collision integral to be specified 
below. Here we need only to know that /[/] is annihilated by the equilibrium 
distributions (^). Substituting them into the l.h.s. we get: 

eM(E-p)/T] (yT (i ET Hp 2 \ 



[exp((£-A0/T) + l] 



This expression can vanish for arbitrary p only if the particles in question are 
massless, so that p — E, and if the following conditions are fulfilled: fi/fi = 
T/T and T/T = —H . So we can estimate the deviation from equilibrium as 

Sf/feq ~ (Hm 2 /TET), (12) 

where T is the characteristic rate of the reactions given by the collision inte- 
gral in the r.h.s. One can roughly estimate this ratio at T sa m as Sf / f ~ 
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10m/a k mpi, where a if the characteristic coupling constant (at the grand 
unification scale a ~ 1/50) k — 1 or 2, depending upon whether decay or 
two-body reactions are essential, and we take « 100. The deviation from 
equilibrium are noticeable either for very heavy particles with the mass around 
10 16 — 10 15 GeV or for very weakly coupled ones with the coupling constant 
much smaller than a. For electroweak interactions at the electroweak energy 
scale, T = O(TeV), the ratio @ is close to 10~ 15 . 

Now let us have a closer look at the collision integral. It has the following 
form: 

[\Aif\ 3 Umif f ± 1) - \A fl \ 2 Uf f U(f t ± 1)] , (13) 

where the integration is made over all final momenta and all initial ones, except 
for the particle under scrutiny, which distribution function enters the l.h.s. of 
equation (|To|). It is usually assumed that T-invariance is true so that the am- 
plitudes of direct and inverse processes are equal up to a trivial change of signs 
of momenta, |^4i/| 2 = |^-/i| 2 - This is the very well known detailed balance 
condition. One can check that if this condition is true the collision integral 
vanishes on the equilibrium functions ([|). The product n/j±I(//±l) is equal to 
the product with i and / interchanged because of the conservation of energy, 
^2,Ei = ^2Ef, and chemical potentials, = X^M/j m equilibrium. We 

know however that CP-invariance is broken, so by CPT-theorem T-invariance 
also cannot be true, and the detailed balance condition is violated. One might 
worry if breaking of CP would simultaneously break normal equilibrium statis- 
tics. This is not the case however because, as we have already noted, CP- and 
correspondingly T- violation can be observable only when there are several dif- 
ferent processes giving rise to inelastic rescattering in the final state. If these 
additional (and necessary) processes are taken into account, the total contri- 
bution of all of them ensures vanishing of the collision integral even if detailed 
balance is violated. Equilibrium statistics is more general than the detailed 
balance condition. In fact the validity of the canonical equilibrium distribu- 
tions follows either from the unitarity of S-matrix or from CPT-theorem and 
conservation of probability. One of those is sufficient to maintain the so called 
cyclic balance (instead of the detailed one) when a cycle of several processes 
ensures thermal equilibrium. This problem is considered in detail in ref. l3. 
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6 Baryogenesis in Massive Particle Decays. 

This is the simplest and historically first model of baryogenesis. It has a natural 
theoretical frameworks of grand unified models. As we have already mentioned 
baryonic charge is not conserved in these models and, since the gauge and Higgs 
bosons in these theories have very large masses, m = 10 15 — 10 16 GeV, one may 
expect that their number density could be essentially above the equilibrium 
one so that their B-nonconserving and charge asymmetric decay could produce 
a noticeable asymmetry between baryons and antibaryons. As a simple model 
let us assume that there is a charge symmetric collection of A and X gauge 
bosons of grand unification, nx — n x , and no other particles. These bosons 
are known to have the following decay modes: 

A — > qq, X^ql, (14) 

X^qq, X^ql. (15) 

where q and I are correspondingly quarks and leptons. It is clear that baryonic 
charge is not conserved in these reactions because the same initial state decays 
into particles with different baryonic charges. If C and CP are not conserved 
the widths of charge conjugated decay channels may be different: 

T x ^ qq = (i + A 9 )r 9 , T x ^ qI = (1 - A ; )r z , 

= (i - A,)r„ r^ = (i + Aor ; . (16) 

Here A q j are nonzero due to breaking of charge symmetries. If these decay 
modes are the only ones, then by CPT-theorem the total decay widths of A 
and X should be the same and so A q T q = ATz- 

If the energy of fermions produced by these decays quickly drops down 
due to expansion or thermalization by rescattering, so that baryonic charge 
becomes effectively conserved in their collisions, then the baryon asymmetry 
would be roughly equal to 

r to t n ' 

where nx is the number density of the initial A-bosons and no is the num- 
ber (or entropy) density of the produced light particles. The latter may be 
considerably larger than just 2nx because of a possible increase of the num- 
ber density of light particles in the process of thermalization. Neglecting the 
universe expansion we can estimate the number density of light particles as 
no w p^/ 4 w nx(m^ 4 /n x 4 ) (the last equality is true for nonrelativistic X- 
bosons). 
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(17) 



If the processes of thermalization and of the cooling by expansion are not 
fast enough, the produced quarks and leptons would be quite energetic so 
that baryonic charge would be nonconserved in their reactions. Such reactions 
could wash out the baryon asymmetry produced by the decays of X-bosons. 
It is often stated in the literature that the asymmetry is erased by inverse 
decays, qq — > X, ql — > X, etc. However one can see that this is incorrect. 
Indeed CPT-invariance permits one to express the probabilities of the inverse 
decays through the direct ones 

r^x = (i + A 9 )r g , rg,^ = (1 - AOr,, 

r w _ x = (i-A,)r„ r 9 ^ x = (i + A,)r t . (is) 

So direct and inverse decays produce the same sign of baryon asymmetry and 
not the opposite one as is necessary for compensation. On the other hand we 
know that in thermal equilibrium no asymmetry is generated and the excess 
of baryons produced in the decays is erased by some other processes. These 
processes are B-nonconserving 2 — > 2-scattering of quarks and leptons with 
X-boson exchangeE3. 

The mechanism outlined here would be operative if a nonequilibrium num- 
ber density of X-bosons was created. Usually massive particles are in equilib- 
rium at high temperatures, T m, and their number density exceeds the 
equilibrium one when T becomes comparable to m. If they are unstable, they 
sooner or later come back to equilibrium because the decay rate T remains 
constant while the expansion rate goes down. However their number density 
at this stage is Boltzmann suppressed, n ~ exp(— m/T), and is negligibly 
small. Therefore the most favorable period for the generation of asymmetry 
is when m/T = 0(1). If X are gauge (or Higgs) bosons of grand unification 
the situation is somewhat more complicated because they might never be in 
equilibrium at early stage of the universe evolution. First, even if the tem- 
perature of the primeval plasma was higher than the grand unification scale, 
itigut = 10 16 — 10 15 GeV, the rate of their production would be smaller than 
that of the expansion and the number density of these bosons could always be 
smaller than the equilibrium one. To see it one needs to compare the Hub- 
ble parameter given by eq. (|^) to the decay or two-body reaction rates. The 
bosons might be out of equilibrium both in unbroken symmetry phase (when 
nix = 0, except for temperature corrections) and in the broken one. Second, 
the universe temperature could always be smaller than itigut and correspond- 
ingly thermally produced X-bosons would never have been abundant and their 
role in the baryogenesis would be negligible. Another possibility is that the 
inflaton field is predominantly coupled to these bosons and though the temper- 
ature of the universe after thermalization was much smaller than their mass, 
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they might be abundantly produced by the inflatonpdecay so that their initial 
number density was well above the equilibrium oneE3. In such a case the de- 
cays of the intermediate bosons of grand unification could produce the baryon 
asymmetry of the universe. 

If we consider particles of smaller mass, the deviation from equilibrium is 
generically rather small (see eq.((|l2|)). One possible way to break the equilib- 
rium is to assume a_weaker-than-gauge coupling. Another possibility is a late 
generation of massEj't^J, when particles acquire their mass as a result of phase 
transition with T < m, while their number density remains those of massless 
particles, n ~ T 3 , and is not Boltzmann suppressed. 

There is one more problem usually associated with the GUT-scale baryoge- 
nesis, namely the problem of relic gravitinotsED. The gravitino is a spin-(3/2) 
particle with the interaction strength inversely proportional to the Planck mass 
which appears in supergravity theories as a superpartner of graviton. The 
cross-section of their production/annihilation is roughly 03/2 ~ l/ m pz- Cor- 
respondingly their number density relative to entropy density should be equal 
to 

~ lO~ 2 T reh /m Ph (19) 

where T re /, is the temperature of the reheated universe after inflation. The 
decay width of gravitino is 

r 3/2 = ml /2 /m 2 Pl « (lO 8 **)" 1 (m 3/2 /TeV) 3 (20) 

If T re h ~ Tqut, gravitini can be abundant at nucleosynthesis and destroy the 
good agreement of the theory with observations. However if the initial state 
produced by the decay of the inflaton was considerably out of equilibrium 
with abundant X-bosons but with the reheating temperature much below the 
GUT-scale, the gravitini would not be created in a dangerous amount. 

To conclude, it is probably too early to abandon GUT-baryogenesis. It 
naturally has the necessary features: baryonic charge nonconservation (com- 
patible with the observed proton stability and absence of neutron-antineutron 
oscillations), deviation from thermal equilibrium and may have a sufficiently 
strong CP-violation. 

7 Other Models. 

There are quite many scenarios of baryogenesis which are much more sophisti- 
cated than the simple ones based on heavy particle decays. They all can take 
place at much smaller temperatures or energies than Tqut- This energy range 
may even be accessible in the acting accelerators. The (possibly incomplete) 
list of scenarios includes: 
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1. 



Electroweak baryogenesis. 



2. Baryogenesis by supersymmetric baryonic charge condensate. 

3. Spontaneous baryogenesis. 

4. Baryo-through-lepto-genesis. 

5. Baryogenesis in black hole evaporation. 

6. Baryogenesis by topological defects (domain walls, cosmic strings, mag- 
netic monopoles). 

Below we will briefly discuss only the first three ones. A more detailed 
discussion of them, as welLas of the remaining, and a list of references can be 
found in the review paperu. 



7.1. Electroweak baryogenesis 



0. 



This model is the most fashionable now and a majority of the recent pa- 
pers on the subject deals with different versions of the electroweak scenario. 
Surprisingly the standard model of electroweak interactions have all the nec- 
essary ingredients for successful baryogenesis. It is known from experiment 
that C and CP symmetries, are broken. Theoretically introduction of CP- 
nonconservation into-the standard model is easily done either by a complex 
quark mass matrix E3 with at least three generations or, what is essentially 
the same, by complex coupling constants of the Higgs fields. What is more 
surprising is that baryons are not conserved by the usual electroweak inter- 
actions E3. This is a rather complicated phenomenon and is related to the 
so called quantum chiral anomaly The classical electroweak Lagrangian 

conserves baryonic charge. Quarks always enter in bilinear combinations qq, 
so that a quark can disappear only in collision with an antiquark. In other 
words the classical baryonic current is conserved: 

V? = 5>/.(^V&) = 0. (21) 

3 

However quantum corrections destroy this conservation law and instead of zero 
in the r.h.s. one gets 

b 9 2 C 

= 1fi 2 ^V^W' (22) 
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where C is a numerical constant, G p „ = G a j3t^ va p /2, and the gauge field 
strength, G MJy , is given by the expression 

G/j,v = d^Ay - + g[A^A u }. (23) 

An important fact is that the anomalous current nonconservation is propor- 
tional to the total derivative of a vector operator: G^G^ = <9 M AT M where the 
anomalous current is 

= 2e^ af3 \ A v d a A p + ^igA v A a Ap\ . (24) 

The last term in this expression does not vanish only for non-Abelian gauge 
theories because the antisymmetric product of three vector potentials A v can 
be nonzero due to different group indices (e.g. for the electroweak group it 
should contain the product of W + , W~ and the isospin one part of Z°). 

Usually a total derivative is unobservable because one can get rid of it 
integrating by parts. However, this may be not true for (|24|). Indeed the 
gauge field strength G^ should vanish at infinity but the potential A^ does not 
necessarily vanish. Thus different vacuum states, which all have G^ v = 0, differ 
by the value of Kq (in fact by the integral from that over the space volume). 
Since the difference — is conserved, transition from one vacuum state to 
another leads to a change in baryonic charge. The path from one vacuum to 
another is separated by a potential barrier where G^ ^ 0. As we know from 
quantum mechanics the barrier penetration at small energies is exponentially 
suppressed, that is why the probability of processes with AB ^ contains 
the very small factor, exp(— 16-7r 2 /g 2 ) w 10 -160 . However at high energies or 
temperatures (comparable or above the barrier height) the transition between 
different vacua can be achieved by a_classical motion over the barrier. The hight 
of the barrier, as calculated in ref. H, is around several TeV. In fact the barrier 
disappears at high temperatures together with the W or Z masses according 
to the law: m^(T) = m 2 v (0)(l - T 2 /T?). This also occurs in the same TeV 
region. So one may expect that at high temperatures baryon nonconservation is 
not suppressed. It has been argued that above the electroweak phase transition 
the processes with AB ^ are much faster than the universe expansion, so that 
any preexisting baryon asymmetry would be washed out. To be more precise 
electroweak interactions (even with the chiral anomaly) conserve the difference 
between baryonic and leptonic charges, (B — L). Thus at high temperatures 
only (B + L) may be erased while a preexisting (B — L) is conserved. 

If this picture is correct, electroweak interactions at high temperatures play 
the role of a terminator of asymmetry and not of a creator. If the electroweak 
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phase transition is second order, then everything goes smoothly, thermal equi- 
librium is not disturbed, and asymmetry is not generated even below the phase 
transition. The type of the phase transition depends upon the mass of the Higgs 
boson (or bosons in extended models). For high mass the transition is second 
order while for a low mass it is first order. The boundary value of the mass 
is not well known even in the minimal standard model and different estimates 
give the values somewhere between 50 and 100 GeV. If the Higgs mass is below 
this boundary value, then phase transition is first order and the deviation from 
thermal equilibrium can be significant. In this case there would be both phases 
coexisting in the primeval plasma. In the symmetric (high temperature) phase 
the processes with A(B + L) ^ are fast and the asymmetry is washed out. 
In the broken symmetry (low temperature) phase everything is conserved and 
the asymmetry remains constant. Thus baryogenesis could proceed only in the 
boundary region between the phases. 

We see that the standard model in principle has all the necessary properties 
for creation of the baryon asymmetry. However, now a consensus is reached 
that in the minimal standard model the effect is by far too small to create 
the observed asymmetry, because CP-violation is extremely weak. There are 
chances for success in extended models with several Higgs fields like e.g. low 
energy SUSY. Still the asymmetry could be washed out pypn in the broken 
phase because the preexponential factor can be quite largeE3'E3. 

However, all of the above may be wrong by the following reason. Processes 
of quark and lepton transformation with a nonzero change of baryonic (and 
lcptonic) charge at high temperatures are accompanied by a change in the 
structure of the gauge and Higgs fields. Roughly speaking the classical field 
configuration should be present in the course of the transition, the so called 
sphaleronHd: 

A sp h = ie k lmX l T m 

0^ = ^1^1(0,1)^(0, (25) 

where £ = grjr, rj is the vacuum expectation value of the Higgs field, and the 
functions / have the properties /(0) = 1 and /(oo) = 0. The size of this 
object is much larger than its Compton wave length, that is why it is called 
a classical field configuration. It is assumed that sphalerons are in thermal 
equilibrium, so that their number density is determined by the Boltzmann ex- 
ponent, exp(— F/T), where F is its free energy. In the broken symmetry phase 
F = O(TeV), while in the symmetric phase F ~ T. If this is true, the processes 
with baryon nonconservation are not suppressed at high temperature. How- 
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ever the rate of production of classical field states in the collision of elementary 
particles is not known and we cannot say if they are in equilibriunp3jt_not. An 
analogy with magnetic monopoles in non-Abelian gauge theories oej (which 
are also classical states), shows that production of such states in two-body 
or few-body collision is exponentially suppressed. Nothing is known about 
the probability of production of monopoles or sphalerons in, say, a hundred- 
particle collision. Presumably to create a pair of monopole-antimonopole or 
a sphalcron, one needs to create a special coherent field configuration which 
is almost improbable in the primeval plasma. If this is true then electroweak 
processes do not produce or destroy baryons in significant amount. No analyt- 
ical way to solve this problem is known at the present stage. The processes, 
which should be considered, are essentially non perturbative and multi-particle 
ones. The only available approach to the calculation of the sphaleron transition 
rates is a numerical lattice simulation. Unfortunately the results by different 
groups are conflicting and vary from zeroE3c3 to the non suppressed onel-3, 

r ~ (aj) 4 . 

7.2. Baryonic charge condensate^. 

Supersymmetric theories opened new possibilities for baryogenesis, first, 
because in many of them baryonic charge is not conserved even at the energies 
below GUT scale and, second, because there exist scalar fields with nonzero 
baryonic charge: superpartners of quarks (they are denoted x m what follows). 
The potential for these fields may have the so called flat directions along which 
the field can evolve without changing energy or, in other words, the field in 
this direction is massiess. A massiess, scalar field is known to be infrared 
unstable in the de Sitter backgrounded and its quantum fluctuations rise as 
(<$)) = H 3 t/ '(2ir) 2 where H is the Hubble parameter describing the universe 
expansion, a(t) ~ exp(Ht). For nonzero mass, but in the case that H 3> m, 
the rise of the field is stopped when its potential energy becomes equal to the 
kinetic one, U(<f>) ~ H A . The calculations BEil give {(j> 2 m ) = 3H 4 /8ir 2 m 2 . The 
wave lengths of quantum fluctuations are exponentially stretched up together 
with the expansion and during inflationary stage "classical" condensates of 
light scalar fields can be developed. This condensate may store baryonic charge 
(if the field, like e.g. x, possesses it) and when inflation is over, the decay of 
X would produce a nonzero baryon asymmetry. The picture is slightly more 
complicated by the following reasons. First, the field x should not possess any 
conserved quantum numbers. The current conservation condition 

D„f = d^f + 3Hj = (26) 



17 



results in vanishing of any conserved current density as jo ~ exp(— ZHt). So 
the interesting candidates for baryogenesis are the fields which are electrically 
neutral and colorless. Second, the contribution of \ into baryonic current is 
given by the expression: 

4 X) = * [X*d,x - [d»X*)x] = -2|x| 2 ^, (27) 

where 6 is the phase of the field \- The baryonic charge density can be vi- 
sualized as the angular momentum of the mechanical rotation of a point-like 
body in the two-dimensional plane (Rex,Imx) m the potential field U(x)- If 
this potential is spherically symmetric, i.e. U — U(\x\), then the angular mo- 
mentum or, in other words, baryonic charge is conserved. A potential which 
does not conserve B and has flat directions for m = and | A2 1 = Ai can e.g. 
be written as 

U( X ) = rn 2 \ X \ 2 + ^Ailxl 4 + \\2 (x* 4 + X 4 ) ■ (28) 

In this toy model the field x would evolve as follows. During inflationary 
stage it would travel along the valley far from the origin. When inflation is 
over the field would relax down to x = 0. If the phase of the field tended to a 
constant value during inflation, so that 9 = and, moreover, the field itself was 
exactly on the bottom of the valley, then it would come down to origin without 
rotation i.e. with zero baryonic charge. No asymmetry would be generated 
in this case. However because of quantum fluctuations during inflation (or, 
what is the same, by production of quanta of the field x by the background 
curved space-time) there should be some motion and displacement orthogonal 
to the direction of the valley. The energies of such motion and displacement 
are |x| 2 (9 M 0) 2 ~ A|x| 4 ~ H 4 . These angular excitations would give rise to 
a rotation when \x\ evolves down to zero to the region where the potential is 
approximately spherically symmetric. The subsequent decay of x into fermions 
may produce quite a large baryon asymmetry of the universe even if the decay 
goes with conservation of baryonic charge. The asymmetry may be close to 
one. While in other scenarios the asymmetry is generically smaller than the 
observed value and attempts should be taken to get it as large as possible, here 
it is another way around: the asymmetry is too large and one should invent 
a way to make it smaller. A strong suppression of the angular motion and 
respectively of the asymmetry can be achieved through partkJe production by 
the oscillation of x m the direction orthogonal to the valleyE 2 . 

An unusual feature of this model is that baryon asymmetry can be gener- 
ated without explicit C and CP breaking in the Lagrangian. The sign of the 
asymmetry is determined by the direction of the rotation of x an d the latter is 
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chaotically distributed over the initial x configuration created after inflation. 
It means that in such a scenario the universe as a whole is charge symmetric 
and there should be equally abundant domains of matter and antimatter (see 
below, Sec. 8). The characteristic size of these domains is aboutlj 

l B m fff 1 exp (-1/Va) . (29) 

In another version of this model El an explicit CP-violation has been in- 
troduced, so that the direction of the valley has been shifted away from the 
center. Due to this misplacement the field x comes down to the origin with 
already a nonzero angular momentum and the asymmetry has a definite sign 
determined by the direction of the valley. 

7.3. Spontaneous baryogenesis^. 

If a theory possesses a £/(l)-symmetry which is either generated by bary- 
onic charge or by a charge which is not orthogonal to the baryonic one, then 
spontaneous breaking of this symmetry results in nonconservation of bary- 
onic charge of physical particles (as we see below and is well known, the total 
charge, i.e. the charge of particles plus vacuum is conserved). As a result 
a baryon asymmetry may be generated in the broken symmetry phase. This 
kind of phenomenon may take place in some electroweak scenarios with several 
Higgs fields where their relative phase plays the role of Goldstone boson which 
appears after a spontaneous symmetry breaking. 

Generically the model of spontaneous breaking of a global symmetry is 
described by a scalar field (j> with the potential 

U{<t>) = \(\<t>\ 2 -n 2 )\ (30) 

where 77 is a constant c-number. In the lowest energy state in this potential 
(vacuum) the field ip is non- vanishing, <f> — nexp(i9). A particular choice of the 
vacuum state among many degenerate ones, corresponding to different values 
of 9, results in the spontaneous symmetry breaking. The field 6{x) is called 
the Goldstone boson. If there is no explicit symmetry breaking but only the 
spontaneous one, the theory is invariant with respect to the transformation 

9{x) -> 9{x) + const (31) 

This means that the field 9 is massless. In other words the curve where the 
potential U(cj>) (|30| ) reaches its minimum, is flat and 9 can evolve along this 
curve without changing energy. If the bottom of the potential is tilted, so that 
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the degeneracy in the potential energy of 9 disappears, we speak about an 
explicit symmetry breaking (as e.g. in the axion case). In this case the 9- field 
typically acquires a nonzero mass and becomes a pseudo-goldstone boson. 

Let us consider the following toy model with the scalar field (j> and two 
fermionic fields "quarks" Q and "leptons" L. The theory is supposed to 
be invariant with respect to the "baryonic" [/(l)-symmetry: </> — > exp(ia)0, 
Q — > exp(ia)Q, and L — > L, where a is a constant phase. The corresponding 
Lagrangian has the form: 

C = {d^f - U{ct>) + iQipdpQ + iLy^L + (g<t*Ql + h.c). (32) 

where U(<j>) is given by eq. ( p0| ) and h.c. means hermitian conjugate. In 
the spontaneously broken phase when cj> = r)exp(i9), the Lagrangian can be 
rewritten as: 

C = rfidef - V{9) + iQypdpQ + iLj^L + [grj exp(i0)QL + h.c] + ... (33) 

where the potential V(9) describes a possible explicit symmetry breaking, 
which is not present in the original Lagrangian (|3^), and the radial degrees 
of freedom are supposed to be very heavy and are neglected. 

Another representation of this Lagrangian may be useful, namely if we 
introduce the new quark field by rotation Q — > cxp(i#)Q, then we get 

C = rfidO) 2 + d^jZ - V(9) + i&ypdnQ + iLj^L + (gr/QL + h.c), (34) 

where = Q^^Q is the baryonic currents of quarks. In this expression the 
interaction of 9 with matter fields enters only linearly. It is imperative that 
the current is not conserved, otherwise the interaction term 

C mt = d^j* (35) 

can be integrated away. This current is indeed nonconserved. Combining the 
equations of motion for Q and L one sees that d^j^ — igrj{LQ — QL). 

For the case of a homogeneous, only time-dependent field 9, the expression 
( |35| ) can be written as 9ns where ng is the density of baryonic charge. Th£X£- 
fore one is tempted to identify 9 with the baryonic chemical potential EJO. 
If this were so the baryonic charge density would be nonzero even in thermal 
equilibrium, when the reaction rates are fast, while 9 is not relaxed down to 
the dynamical equilibrium point at the minimum of the potential, where 9 = 0. 
The charge density for small 9 would be equal to 

n B = B Q 9T 2 /6, (36) 
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where Bq is the baryonic charge of the quarks Q. It is not the case, however, 
as can be seen immediately from the equation of motion for the #-fieldE± 



2 V 2 d 2 9 = -d^l (37) 

In fact this equation is just the law of the total current conservation, <9 M J^°' 
0. where J l ° l is the total baryonic current including the contribution from the 
scalar field <j>. Though the symmetry is spontaneously broken the theory still 
"remembers" that it was symmetric. In the case of space-point independent 
9 = 9{t) the equation ( |37| ) is reduced to 2r\ 2 9 = —Ub- It can be easily integrated 
giving: 

An B = -ti 2 A9 (38) 

which is evidently incompatible with eq. d36|). One should definitely trust eq. 
( |38| ) because this is simply the condition of total current conservation which is 
not disturbed by thermal corrections. Below we will discuss in some detail why 
9 cannot be interpreted as the baryonic chemical potential, and thus why eq. 
( |36| ) is incorrect, but let us first consider the generation of baryon asymmetry 
both in the pure goldstone and pseudo-goldstone cases. We have just seen 
that in the goldstone case the baryonic charge density is given by eq. (pq). 
The initial value of 9 is determined by inflation and depends on whether the 
symmetry was broken prior to the end of inflation or after that. We assume 
that the former is true, then the kinetic energy of the 0-field is given byE3 
rj 2 (d9) 2 ~ Hj. So 9 ~ H 2 /rj where the Hubble parameter during inflation, 
Hi, can be found by matching the energy of the inflaton pi n f ~ H 2 m 2 pl and 
the thermal energy after reheating p re h ~ T^ eh . Comparing these expressions 
we find that 

0~=f«5¥. (39) 
Ti ™ P i 



If the scale of the symmetry breaking, 77, and the reheating temperature are 
not far from the Planck scale the asymmetry would be large enough to explain 
the observed value, /3 « 3 • 10 -10 . However a serious problem emerges in this 
scenario. It is known that all regular classical motions during inflation are 
exponentially red-shifted down to zero. The initial non-vanishing 9 came from 
quantum fluctuations at the inflationary stage. The characteristic size of the 
region with a definite sign of 9 is microscopically small, Vg ~ H~ l , and even 
after the red-shift z re h + 1 = T re ; l /3 K it remains much smaller than the size 
of baryonic domains now, Ib > 10 Mpc. 

Let us turn now to the pseudo-goldstone case when 9 has a nonzero po- 
tential V(9) = A 4 cos 9. If 9 is close to the minimum of this potential it 
can be approximated by the mass term, V{9) w — 1 + m 2 i] 2 (9 — ir) 2 /2 with 
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m 2 = A 4 /r] 2 . The equation of motion for 9 now acquires an extra term related 
to the potential force: 

r, 2 + 3He + V'(e) = d ll jZ. (40) 

We have also taken into account the Hubble friction term connected to the 
expansion of the universe. We assume that initially 9 is away from its equilib- 
rium value at 9 eq = 7r. It is natural to assume that 9 can be found anywhere 
in the interval (0, 2ir) with equal probability. During inflation when H 3> m 
the magnitude of 9 remains practically constant due to the large friction term, 
3H9. The region with a constant 9 is exponentially inflated, Ib ~ h exp(Ht) 
and may be large enough to be bigger than the lower limit to the size of bary- 
onic domain today. When inflation is over and the Hubble parameter falls 
below m we can neglect the Hubble friction and the field 9 starts to oscillate 
in accordance with the equation 

9 + m 2 9 = -d^/if. (41) 

The oscillating 9 would produce both baryons and antibaryons but with dif- 
ferent number densities because the current is not conserved. To calculate 
the asymmetry in this case the following arguments have been used in the lit- 
erature. The equation of motion for 9 with the back reaction of the produced 
particles was assumed to be 

9 + m 2 9 + T9 = (42) 

This equation has a solution correctly describing the decrease of the amplitude 
of 9 due to production of particles, namely 

9 = 9i exp(-Ti/2) cos(mi + 5) (43) 

Comparing eqs. (||l]) and ( |i2"| ) one may conclude that 

dtfj! = r, 2 T9. (44) 

However this identification is not correct El. It can easily be seen, that if eq. 
( [44| ) was true, then the energy of the produced particles would be larger than 
the energy of the parent field 9. This of course cannot be true. Indeed if the 
expression (^) was correct then the energy density of the produced baryons 
could be estimated as follows. The energy of each quark produced by the field 
oscillating with the frequency m is equal to m/2. The total number density 
of the produced quarks, hq + uq, is larger than the density of the baryonic 
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charge, ns — tiq — uq. So the energy density of the produced baryons is 
larger than runs- From eq. ( p4| ) follows that tlb is linear in 9 while the energy 
density of the held 9 is quadratic in 9. Thus in the limit of small 9 the energy 
of the produced particles would be bigger than the energy of the field-creator. 
This is of course impossible and it proves that the identification made above is 
wrong. In fact the correct solution of the equation does not necessarily mean 
that the equation itself is correct. For example one can describe the decaying 
field by the equation 

6+ {m-iT/2) 2 9 = 0. (45) 

This equation has the same solution ( |43| ) but does not permit to make the 
identification (QL 

In the paperEj we have derived in one loop approximation the equation of 
motion for 9 with the account of the back reaction of the produced fermions. 
It is a nonlocal nonlinear equation which in the limit of a small amplitude of 9 
has the same solution as equations ( ^2|) and ( fiHl) but does not permit to make 
a wrong identification (|44|). The direct calculation of the particle production 
by the time-dependent field (|4^) gives the result Ell 

n B ~7; 2 r AB (A0) 3 , (46) 

where T is the width of 0-decay with nonconservation of baryonic charge and 
A9 is the difference between the initial and final values of 9. The asymmetry 
in this case can roughly be estimated as 

/3 = /(A0) 3 ^. (47) 

The size Ib in this scenario depends upon the model parameters and can be 
either larger than the present-day horizon or much smaller, inside our visibility. 

Let us turn now to the possibility of the interpretation of 9 as the baryonic 
chemical potential. It enters the Lagrangian as Ce = 9ns, in exactly the same 
way as a chemical potential should enter the Hamiltonian. However from the 
relation between C and TL 

dC ■ 

H = - r <j>-L, (48) 

<P 

follows that the contribution from £@ into the Hamiltonian formally vanishes. 
The Hamiltonian depends upon tib through the canonical momentum, P = 
dC/d9 — 2j] 2 9 + tib- So from the kinetic term in the Lagrangian, T] 2 (d9) 2 , one 
gets TC = (P — tlb) 2 /^rj 2 . If however the field theta is an external one (let us 
denote it now as capital O), so that the Lagrangian does not contain its kinetic 
term, and O only comes there as 9ns, then we do not have any equation of 
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motion for 0, it is an external "constant" variable. In this case the Hamiltonian 
would be TL = —Qub and this is the baryonic chemical potential. In this 
case for sufficiently fast reactions the baryonic charge density would be given 
by expression (j36|). 

However for our dynamical field 9 the equation of motion, which governs 
its behavior does not permit 9 to be an adiabatic variable which can change 
slowly with respect to the reactions with AB ^ 0. The change of baryonic 
charge implies the similar change in 9 so equilibrium is never reached. In the 
pure Goldstone situation this is seen of course from the equation of motion 
(|37|). For the pseudo-goldstone case the situation is slightly more complicated 
but still the result is the same. Let us consider the Dirac equation for quarks 
in the presence of theta-field: 

(irfudp -6)Q = -g V L (49) 

We neglected here a possible mass term which is not essential. In perturba- 
tion theory one is tempted to neglect the r.h.s. of this equation because it is 
proportional to the small coupling constant g and to study the spectrum of 
the Dirac equation with zero r.h.s. The dispersion relation for this equation 
is E = p ± 9 where signs "+" and "-" stand respectively for quarks and an- 
tiquarks. Thus energy levels of particles and antiparticles are shifted by 29 
and in equilibrium their number densities should be different. The point is, 
however, that the change in the population numbers proceeds with the same 
speed as the change in 9 or, in other words, the current nonconservation which 
can create a difference between Q and Q is proportional to the same coupling 
constant g which enters the equation of motion (|37| ) and governs the behavior 
of 9(t) in the Goldstone case. In the pseudo-goldstone case the variation of 9 
can be dominated by the potential term (|40|). Hence it may change (oscillate) 
faster than just in the limit of zero potential (Goldstone limit) and one has 
even less ground to suppose that 9(t) is an adiabatic variable. In this case the 
situation is worse than in the Goldstone case because the rate of variation of 
baryonic charge is much slower than the variation of 9 and the system is even 
further from equilibrium. 

It may be instructive to see how different fermion/antifermion levels are 
populated in the presence of the theta-field in the " rotated" fermion represen- 
tation, Q — + exp(i#)Q, when the Dirac equation has the form 

H^d^Q = -gijL cxp (-i6) . (50) 

This equation, in the limit of g — 0, has the same spectrum for particles and 
antiparticles, E — p, but the levels would be differently populated because the 
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interaction term (in the r.h.s.) does not conserve energy. Assuming that 9(t) is 
a slowly varying function of time we can write 9(t) ~ 9t. Thus in the reactions 
with quarks their energy is increased by 9 in comparison with the energy of 
the participating particles, while the energy of antiquarks would decrease by 
the same amount. One sees from this example that the energies of particles 
and antiparticles are indeed getting different but the process of differentiation 
is proportional to the coupling g. The arguments presented above, concerning 
the possibility of the interpretation of 9 as the baryonic chemical potential, are 
based on discussions with K. Freese, R. Rangarajan, and M. Srednicki. 

8 Antimatter in the Universe. 

The scale Ib which characterizes the size of the domain with the dominance of 
matter is not known, neither from theory nor from observations. In fact differ- 
ent theoretical models give certain predictions about Is but they are strongly 
parameter dependent and, even worse, we do not know which model is a true 
one. In the standard GUT-baryogenesis the magnitude of baryon asymmetry 
(3 is constant over all the universe so Ib is either infinitely large (in an open 
universe) or is equal to the universe size (in a closed universe). In this case 
there would be no place in the world with a substantial amount of antimatter. 
This is not obligatory however, and many scenarios of baryogenesis do not 
possess this property. In particular it is possible to create a universe which 
is charge symmetric as a whole with domains of matter alternating with do- 
mains of antimatter. Even in this case it is not excluded of course that Ib, 
though finite, is larger than the present-day horizon. If so, one cannot distin- 
guish observationally the two possibilities of a charge symmetric universe and 
a completely asymmetric one. However, if we are lucky, domains of antimatter 
may be not so far away and we may have a chance to see them, in particular by 
observation of antinuclei in cosmic rays. The present-day experimental situa- 
tion and prospects for the future search of antimatter is reviewed at this School 
by V.PlyaskinEj (see also the recent paperli3). Theoretical models predicting 
an abundant amount of antimatter inside our visibility region are reviewed in 

refs. yy. 

The general conditions for cosmological creation of both matter and anti- 
matter with sufficiently small scale parameter Ib are: 

1. Different signs of C and CP-violation in different space points. 

2. Inflationary (but moderate) blow-up of regions with different signs of 
charge symmetry breaking. 
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The first condition, can be realized in models with spontaneous breaking of 
charge symmetryEJ. One can see that domains with opposite signs of C(CP)- 
odd phase are indeed formed through this mechanism. In these_domains an 
excess of either matter or antimatter is generated by baryogenesisH, depending 
upon the sign of CP-odd amplitude. 

These models encounter two serious problems. First, the average size 
of the domains is too small. If they are formed in a second order phase 
transition, their size at the moment of formation is determined by the so 
called Ginsburg temperature and is approximately equal to Zj = 1/(AT C ) where 
T c is the critical temperature at which the phase transition takes place and 
A is the self-interaction coupling constant. In this case different domains 
would expand together with the universe and now their size would reach 
la = k(T c /To) — l/(AXb) where To = 2.7K is the present day temperature 
of the background radiation. If the phase transition is first order then the 
bubbles of the broken phase are formed in the symmetric background. In this 
case different bubbles are not initially in contact with each other, typically 
the distance between them is much larger than their size, and their walls may 
expand faster than the universe, even as fast as the speed of light. Thus at 
the moment when the phase transition is completed the typical size of the 
bubbles may be as large as the horizon, If ~ i/ ~ mpi/T'j. After that they 
are stretched out by the factor Tf /Tq due to the universe expansion. To make 
the present day size around (or larger than) 10 Mpc we need Tf ~ 100 eV. 
It is difficult (if possible) to arrange that without distorting successful results 
of the standard cosmology. Thus to make an observationally acceptable size 
of the matter- antimatter domains, a super- luminous-cosmological expansion 
seems necessary. This solution was proposed in ref. l£3 where exponential (in- 
flationary) expansion was assumed. With this expansion law it is quite easy 
to over-fulfill the plan and to inflate the domains beyond the present day hori- 
zon. Effectively it would mean a return to the old charge asymmetric universe 
without any visible antimatter. So some fine-tuning is necessary which would 
permit to make the domain size above 10 Mpc and below 10_Gpc. As we have 
already mentioned the lower bound on I b presented in ref. E£l are much more 
restrictive. However they may be not applicable to some particular models 
(especially with isocurvature fluctuations) and there still may be some room 
for antimatter inside the present-day horizon. 

The second cosmological problem which may arise in these models is a 
very high energy density and/or large inhomogeneity created by the domain 
wallsEJ. This can be resolved if domain walls were destroyed at a later stage.by 
the symmetry restoration at low temperature or by some other mechanism! 6 ^r 6 !. 
However there could be scenarios of baryogenesis in which domains of matter- 
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antimatter may be created without domain walls. The basic idea of these 
scenarios is that baryogenesis proceeds when the (scalar) field which creates 
C(CP)-breaking or stores baryonic charge is not in the dynamically equilibrium 
state, as it takes place e.g. in the spontaneous baryogenesis scenario or in the 
model of baryogenesis with SUSY baryonic charge condensate (see Sec. 7). In 
these cases charge asymmetry is created by asymmetric initial conditions which 
in turn are created by quantum fluctuations during inflationary stage. In such 
scenarios one does not need an explicit C or CP violation for baryogenesis. 
Moreover domains of matter or antimatter which could be created in these 
models do not have any domain walls with a high energy density so this problem 
is avoided. 

There is quite a rich spectrum of possibilities for objects made of anti- 
matter, which is open by different models of this kind. There may be just 
simple regions like our neighborhood either with matter or antimatter with 
sufficiently large sizes. A more curios possibility has been considered in ref.EH. 
A mechanism has been proposed there which could create regions with rel- 
atively small sizes and a very high value of the asymmetry, (3 — 0.01 — 1. 
The sign of the asymmetry with almost equal probability may be positive or 
negative. Such regions would mostly form primordial black holes and, if so, 
it would be impossible to distinguish whether they are formed by baryonic 
matter or antimatter. But on the tail of the distribution there might be anti- 
stars or clouds of antimatter, enriched by heavier elements (because of large (3 
primordial nucleosynthesis would give larger primordial abundances of heavy 
elements). Another exotic possibility is a caiasiperiodic universe filled with al- 
ternating, baryonic and anti-baryonic layersE3. For more detail one may address 
refs. l3I53. These models are of course very speculative and there are neither 
theoretical nor experimental arguments in favor of their necessity. Still they 
are permitted and, as we know, everything which is not forbidden has a right 
to exist. Second, the picture of a charge symmetric universe is more attractive 
than asymmetric one. And last, but not the least, a search for antimatter will 
not necessarily be successful but still something interesting may be found in 
the way. 

9 Conclusion. 

We see that cosmology provides really strong arguments in favor of noncon- 
servation of baryonic charge. Though the Minimal Standard Model (MSM) 
in particle physics predicts that baryons are indeed nonconserved, this model 
seems to be unable to produce enough baryons for an explanation of the ob- 
served asymmetry. The necessity for baryogenesis is a strong indication that 
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there should be a new physics beyond the Standard Model. We do not know if 
this is just the low energy supersymmetric extension of MSM or baryogenesis 
demands something new at higher energies. Possibly the next generation of 
accelerators will be able to resolve this very important issue. A very essential 
for the understanding of the dynamics of baryogenesis would be an observation 
of cosmic antimatter. However such observation (or non-observation) will be 
able only to confirm baryosymmetric cosmology but not to reject it. 
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